ABSTRACT
INTRODUCTION
Microbarographs are a sensitive tool for measurements of atmospheric pressure fluctuations of high frequencies and small amplitudes down to fractions of pascal. The sensors are widely employed in observations of atmospheric infrasound (f ~ 0.00320 Hz) . The microbarograph recordings contain coherent infrasound waves and also a large amount of random pressure fluctuations -noise. Infrasound is emitted by a number of natural and man-made sources; e.g. ocean surface motion, aurora, volcanic eruptions, earthquakes, avalanches, severe weather, traffic, industry, wind turbines . The noise is mainly caused by turbulent eddies in the atmospheric boundary layer . Matoza et al. (2013) developed a method of distinguishing the coherent ambient infrasound in the total ambient noise at infrasound arrays of the International Monitoring System (IMS) of the Comprehensive Nuclear-Test-Ban Treaty Organisation (CTBTO; www.ctbto.org) .
A significant component of recordings at a lot of infrasound stations are microbaroms. The coherent nearly monochromatic waves with energy peak near 0.2 Hz are emitted by ocean standing waves which arise from nonlinear interaction of waves of similar frequencies propagating in the opposite directions. The strongest microbaroms can be generated by large-amplitude waves in the wake regions of marine storms Garces et al., 2010) . Microbaroms can propagate to distances of the order of thousands of kilometres from the source region, mainly in the stratospheric and thermospheric waveguide (Donn and Rind, 1971; Garces et al, 2004; Le Pichon et al., 2006; Whitaker and Mutschlecner, 2008; Smets and Evers, 2014) . Landes et al. (2012) performed a localization of microbarom sources worldwide using data from infrasound stations of the International Monitoring System (IMS). A powerful microbarom source that influences infrasound observations in Europe is located in Northern Atlantic, south of Greenland. The intensity of the source increases in winter. Studies of microseisms in Europe by Laštovička (1974) and Zátopek (1963) support the results of Landes et al. (2012) . Microseisms are similarly to microbaroms generated by motions of ocean surface. The major sources of microseisms recorded at the seismic station in Prague were located in the Northern Atlantic and in northern part of the Baltic Sea. Another microbarom source was identified in eastern Mediterranean that generates coherent signals of frequencies of 0.20.6 Hz (Assink et al., 2014) .
Wind and eddies are a dominant source of incoherent noise at frequencies higher than the microbarom band (Bowman et al., 2005) . Wind generated background noise significantly influences detection capability of an infrasound station. The detection threshold may vary by one order of magnitude. Significant diurnal variability due to variability of wind generated background noise was described by Le Pichon et al. (2009) .
Long range infrasound propagation in the ground-to-stratosphere waveguide is driven by stratospheric winds (Le Pichon et al., 2008; Green and Bowers, 2010) . Le Pichon et al. (2009) state that about 80% of detections in the 0.22 Hz frequency band are associated with downwind propagation in the dominant stratospheric wind at most of infrasound arrays. In summer, arrivals from the east prevail, whereas in winter signals from sources to the west of the array are mainly detected. Largest seasonal differences occur at higher latitudes (> 45N and S) in regions of the stratospheric jet. Abnormal infrasound arrivals were observed during sudden stratospheric warming events (Evers and Siegmund, 2009; Evers et al., 2012; Assink et al., 2014; Smets and Evers, 2014) . Bowman et al. (2005) remind the variability of ambient infrasound noise by season, time of the day, and location and point out the importance of understanding of ambient noise at the station for infrasound detection and identification. A way to get to know the infrasound environment at the microbarograph sites is to evaluate spectral characteristics of the recordings, their seasonal and diurnal variability, and revealing of local specifics. We studied infrasound environments of the microbarograph network in the Czech Republic, its diurnal and seasonal variability and we discussed possible factors that can influence infrasound measurements in the network.
2. DATA AND METHODS 2 . 1 . M i c r o b a r o g r a p h m e a s u r e m e n t s a n d r e f e r e n c e s p e c t r a
The microbarograph network in the Czech Republic has been set in operation in 20082011 (Fig. 1) . It consists of three sites at observatories Nový Kostel (5013N, 1226E), Průhonice (4959N, 1432E), and Panská Ves (5031N, 1434E). Nový Kostel and Průhonice sites are equipped with one microbarograph each. An array of three microbarographs has been installed at Panská Ves; the distance between the sensors is 196204 m. The triangle is located on a grass plot, equipped with wind noise filters. At Nový Kostel, the sensor is placed in the shed. At Průhonice, sensor is located in the basement of the observatory building. At both sites, the rooms have a good air connection to the outside. The measurements are performed continuously at all sites.
All sensors are of the type of differential microbarograph -infrasound gage ISGM03. The operating range of the microbarographs stated by the manufacturer is 0.024 Hz; the sensitivity of the instrument gradually decreases out of this range. The resolution of measurements is about 10 3 Pa.
Reference levels of ambient noise were estimated for each month of the year from May 2011 to April 2012 in the frequency range 0.036 Hz. Methodology of Bowman et al. (2005) used for estimation of background noise levels in the IMS infrasound network was followed and adjusted for utilization in the Czech microbarograph network. In the first step, data were detrended and filtered. Butterworth bandpass filter in the frequency domain was used with corner frequencies 0.02 and 7 Hz; the filter order was 32. The upper and lower cut-off frequencies were set out of the limits of the studied frequency range due to the roll off of the filter. In the second step, amplitude Fourier spectra were calculated in 21 consecutive time windows of 180-sec lengths and with 9-sec overlap covering always an interval of 60 min starting each two hours from 00:30 to 22:30 UTC (UTC = LT  1). In the third step, reference levels of ambient noise are estimated as the median, the 5-th and 95-th percentile of these spectral curves over the respective months.
Reference spectra were estimated for sensors baro1 located at Nový Kostel, baro4 located at Průhonice, and baro2 located at Panská Ves. The sensor baro2 was chosen to represent infrasound environment of the array at Panská Ves, because it is located on the edge of a grove and thus is best protected from winds and wind generated noise.
. . D i r e c t i o n a l a n a l y s i s
The directional analysis of infrasound arrivals in the frequency band 0.150.4 Hz was performed for the microbarograph array at Panská Ves using the Progressive MultiChannel Correlation (PMCC) method (Cansi, 1995; Le Pichon and Cansi, 2003) . Detection bulletins were estimated for May 2014April 2015.
In order to identify a potential source of the 0. where g  is ratio of specific heats, R is the gas constant, and T is monthly mean temperature in the Czech Republic in 19611991 (Czech Hydrometeorological Institute, portal.chmi.cz) . One value of s c was obtained for each month. Elevation angles estimated this way must be considered only an approximation of the real values.
. 3 . W i n d m e a s u r e m e n t s a t o b s e r v a t o r y M i l e š o v k a
Wind-generated micropressure fluctuations associated with turbulence in the atmospheric boundary layer are regarded the most important source of background noise in microbarograph measurements at all frequencies . Measurements of wind speed and direction were not performed at the sites of the Czech microbarograph network in May 2011April 2012. We therefore utilized wind measurements at observatory Milešovka ( Fig. 1) to get information about monthly mean wind speeds in the region of the microbarograph measurements in May 2011April 2012. Observatory Milešovka (5033N, 1356E) is located on an isolated hill (837 m a.s.l.); the height difference between the peak and its surroundings is 300400 m. The wind speed at observatory Milešovka is close to the wind speed in the free atmosphere (Brázdil et al., 1999) .
The relation between the monthly mean wind speed in the region and the reference spectra was evaluated qualitatively.
3. RESULTS 3 . 1 . S e a s o n a l v a r i a b i l i t y o f a m p l i t u d e s p e c t r a For the purposes of the study, the seasons were defined with respect to the reversal of stratospheric winds; "winter" denotes months of October to March and "summer" denotes months of April to September. Reference spectra show the decrease of amplitudes of ambient noise with the increasing frequency independently of the month or time of the day (Fig. 2) . A distinct peak occurs near 0.2 Hz. The peak is likely microbaroms and it is discussed in detail later in this section.
Seasonal variability of the reference spectra medians is different during the daytime and at night (Fig. 3) . At night (03 and 21 UTC), ambient noise tends to be higher in winter than in summer regardless of the location of the sensors.
During the daytime (09 and 15 UTC), the regime at the respective microbarograph sites differs. At the open air sensor baro2, it is characterized by a random month-to-month variability rather than by a seasonal course, particularly at frequencies below 0.15 Hz. At the indoor sensors baro1 and baro4, seasonal differences in spectral amplitudes are manifested mainly at frequencies above 0.15 Hz with amplitudes higher in winter than in summer.
The seasonal variability of medians of reference amplitude spectra follows during the night time monthly mean wind speeds at observatory Milešovka (Fig. 4) -high spectral amplitudes are observed in month with high mean wind speed. This is obvious particularly at indoor sensors baro1 and baro4. Wind generated pressure fluctuations seem to be an important part of ambient noise in the Czech microbarograph network.
The weaker relations between the monthly mean wind speeds at Milešovka and ambient noise amplitudes during the daytime, particularly at the sensor baro2 may indicate the existence of important local sources of pressure fluctuations. Local small scale turbulent eddies generated by convection cause random micropressure fluctuations. It can be assumed that these micropressure fluctuations influence measurements of the open air sensor baro2 stronger than measurements of the protected indoor sensors baro1 and baro4.
Microbaroms were observed at all sites of the Czech microbarograph network in measurements from May 2011 to April 2012. The peak is well distinguished at the indoor sensors baro1 and baro4 whereas it masked by increased ambient noise amplitudes at the outdoor sensor baro2 during the daytime. A seasonal trend was observed with the peak amplitudes by about one order of magnitude higher in OctoberMarch than in AprilSeptember. Similar spectral peak and similar seasonal variability was observed in May 2014April 2015 (Fig. 5) .
The arrivals of 0.150.4 Hz signals were consistent from azimuths 290335° in October 2014March 2015 (Fig. 6) . The arrival azimuths were directed to microbarom source regions in the Northern Atlantic. Propagation of microbaroms to the east of the source region is in winter supported by westerly winds in the stratosphere (Le Pichon, 2008) .
Elevation angles of signal arrivals varied between 0 and 60; the uncertainty of estimation was ~ 15 for the low elevations and ~ 30 for high elevations. Elevations not take into account the background winds at the observatory. The zero elevation indicates direct propagation of the signal from a local or nearby source. The non-zero elevations indicate that in case the signals were generated at the ground they propagate in atmospheric ducts between the ground and middle/upper atmosphere (e.g., Evers and Haak, 2010) . Atmospheric ducting, unlike the direct propagation enables the infrasound propagation to distances up to thousands of kilometres from the source location, depending on the signal frequency. We assume from the seasonal variability of signal amplitudes together with the parameters of signal arrivals that the distinct signals near 0.2 Hz are microbaroms generated in the Northern Atlantic. The seasonal variability of microbarom amplitudes in recordings from the Czech microbarograph network is related with seasonal reversal of stratospheric winds and also with the seasonal changes of the source intensity. Landes et al. (2014) showed that seasonal variability of intensity of microbarom source is well correlated with storm activity above the oceans. In Northern Atlantic, large storm systems and thus intense microbarom sources occur in winter.
. 2 . D i u r n a l v a r i a b i l i t y o f a m p l i t u d e s p e c t r a
Diurnal variability of medians of reference spectra is evident at sensor baro1 and baro2 in the warm part of the year whereas it is low in the cold part of the year. At baro4, low diurnal variability of medians of reference spectra was observed all year long.
At baro1, the diurnal course is well developed in the frequency range 0.031 Hz in April to August. Maximum amplitudes occurred after local noon (at 11 and 13 UTC) and minima after midnight and in the early morning (at 01, 03, and 05 UTC). The ambient noise amplitudes do not significantly vary during the day at higher frequencies, particularly at 46 Hz. In September to March, the diurnal variability is rather weak and it is limited to the frequency band 0.030.15 Hz with maxima after the local noon (11 and 13 UTC) and minima in the early morning (03 and 05 UTC).
Night-time minima (between 23 and 05 UTC) and noon/afternoon maxima (11, 13, and 15 UTC) were observed at the open air sensor baro2 in March, April, and September. In May to August, larger pressure fluctuations were recorded during the daytime (between 09 and 1719 UTC) than after sunset and in the early morning (21 to 05 UTC). This diurnal regime is obvious in the whole band 0.036 Hz. The diurnal variability is weak at baro2 in October to February and it is limited to frequencies 0.030.15 Hz (Fig. 7) . Stud. Geophys. Geod., 60 (2016) The diurnal variability at the sensor baro4 is limited to frequencies lower than 1 Hz in the warm part of the year with maxima near local noon and minima after midnight and in the early morning.
The diurnal variability of ambient noise levels observed in the Czech microbarograph network in summer corresponds to the variability observed at IMS infrasound stations. The diurnal changes in noise levels at the IMS stations were explained by the changes of the state of the planetary boundary layer during the day (Pilger et al., 2015) . Turbulence in the boundary layer develops caused by strong convection particularly in summer during the daytime and generates random pressure fluctuations recorded as noise at an infrasound station. At night, stable conditions and low noise levels prevail. In winter, airflow is determined by the pressure gradient over the region and therefore the daily course of the wind speed is weak. The sensor baro4 is by its position in the basement of the observatory building protected from the turbulent eddies related with convection and therefore the diurnal variability of medians of reference spectra is low throughout the year. 01, 03, 05, 07, 09, 11, 13, 15, 17, 19, 21, 23 UTC for the open air sensor baro2. Values in Pa Hz 1/2 .
A distinctive diurnal regime was observed of microbarom peak amplitudes. Diurnal variability of the peak differs at the stations Nový Kostel and Průhonice; the two sites are about 150 km distant. Two types of diurnal regime can be distinguished at Průhonice (Fig. 8). (1) Minima at 0507 UTC and maxima at 1921 UTC occurred in September 2011November 2011; (2) in December 2011 and FebruaryMarch 2012 maximum amplitudes were observed around local noon or early afternoon between 11 and 15 UTC and minima in the morning at 0507 UTC. At Nový Kostel, the 0.2 Hz peak was lowest in the morning between 03 and 07 UTC. It reached main maxima near noon (1113 UTC) and secondary maxima at 1921 UTC. The diurnal course was similar in OctoberDecember 2011 and FebruaryMarch 2012. In the other months, the evaluation of diurnal variability of the 0.2 Hz spectral peak was not possible since the peak was not visible during the whole day (in all reference spectra from 01 to 23 UTC of the month). Diurnal and semi-diurnal variability of signal amplitudes is characteristic for microbaroms. The signal modulation can be influenced by tides in the middle and upper atmosphere (Donn and Rind, 1971; Campus and Christie, 2010) .
. . S i t e t o s i t e v a r i a b i l i t y
The sensors baro1, baro2, and baro4 are placed in different surroundings which may influence the measurement results (Fig. 9) . Sensor baro2 is set in the open air whereas baro1 and baro4 are indoor sensors. The diameter of the wind noise reducing pipes at baro2 is approximately 7 m. Baro1 is protected by a shed of size approximately 2.5  2.5 m and baro4 is situated in a basement of the observatory building; the size of the room is approximately 2  4 m.
High ambient noise levels are observed at baro2 compared to the indoor sensors from March to August during the daytime. The time periods of increased ambient noise levels measured by baro2 correspond to the part of the year and day when strong convective turbulent mixing in the boundary layer is supported. Turbulent eddies are regarded an important source of micropressure fluctuations in microbarograph measurements. We assume that the outdoor sensor baro2 is more exposed to the small scale turbulent eddies than the indoor sensors and therefore the increased ambient noise levels are recorded. An important local signature occurs in reference spectra of the indoor sensor baro1 -narrow spectral peaks at frequencies higher than about 1 Hz. Dominant spectral peaks occur at a series of harmonic frequencies with the first harmonics of 0.98 Hz in MaySeptember (Fig. 9) . In DecemberApril, the harmonics of 0.98 Hz are not observed. Instead, distinct peaks at harmonics of 1.32 Hz occur. Distinct peaks are permanently present in the median and 95-th percentile of the reference spectra from May to November 2011. In the 5-th percentile, the peaks either do not occur or are negligible. The observatory Nový Kostel is equipped with a single sensor; therefore the direction of signal arrival cannot be estimated. Similar shape of spectra at an infrasound array was described by Ceranna and Pilger (Ceranna and Pilger, 2014, unpublished results) . Based on arrival parameters, the signals were related with nearby wind turbines. The authors further state that a wind turbine with three blades and rotation velocity of 20 rounds per minute generates signal of frequency of 1 Hz. The wind turbine with rotation velocity of 26 rounds per minute generates signal of frequency 1.32 Hz.
Four wind turbines are installed in the close vicinity of the observatory Nový Kostel. The distance is about 0.8 km and azimuth from observatory to the turbines is around 105°. There are no orographic barriers between the two locations. We assume that the harmonic signals observed at Nový Kostel were generated by the wind turbines. Resonance of the room is an unlikely source of the harmonics signals. The lowest resonant frequency, xyz f in the room was estimated as
where c = 330 m s 1 , x l , y l , and z l are the dimensions of the room (Nový, 2009) . The room size 2.5  2.5  2.5 m can produce resonance at frequencies higher than 114 Hz. Spectra at the indoor sensor baro4 are characterized by a flat shape at frequencies above 2 Hz. A spectral peak is visible during the daytime in summer near 1 Hz, its amplitude decreases at night. In winter ambient noise at baro4 is in general higher than in summer and it is difficult to recognize whether the peak is masked or not present. The studied frequency range 0.036 Hz is obviously not influenced by resonance in the room; the resonant frequencies inferred from the size of the room are 113 Hz and higher.
CONCLUSIONS
Infrasound environments in the Czech microbarograph network were studied. Reference Fourier amplitude spectra were estimated for the three sites of the Czech microbarograph network using data from May 2011April 2012. Directional analysis of infrasound arrivals in the frequency band 0.150.4 Hz was performed for the microbarograph array at Panská Ves in May 2014April 2015.
The spectral characteristics of ambient noise differ by location which is related with different placing of the respective sensors in the open air, in the shed and in the basement of the observatory building. A semi-permanent source influences measurements of sensor baro1 at observatory Nový Kostel. The signal occurs as a series of harmonics in the frequency range above ~ 1 Hz and can be generated by nearby wind turbines.
Diurnal variability is well developed at the open air sensor baro2 in summer (JuneAugust) with maximum amplitudes during the daytime (between 09 and 19 UTC) and minima at night and in the early morning (21 to 05 UTC). Diurnal variability of ambient noise levels in summer is driven by turbulence in the planetary boundary layer caused by strong convection during the daytime and more stable conditions at night. In winter, airflow is determined by the pressure gradient over the region and therefore the daily course of the wind speed is weak. Constantly low diurnal variability at the indoor sensor baro4 can be explained by the position of the sensor in the basement of the observatory building where it is well protected from small scale turbulent eddies.
Seasonal variability is distinct at night (21 and 03 UTC) and the regime is similar for all sensors regardless of their location in open air, in a shed or in the basement. Ambient noise levels tend to be higher in winter than in summer. Contrary during the daytime (09 and 15 UTC), seasonal variability is weak and it is manifested in the frequency band 0.150.4 Hz in measurements of the indoor sensors baro1 and baro4.
Wind and wind eddies seem to be an important source of ambient noise in measurements in the Czech microbarograph network. Local small scale wind eddies play an important role comparable with the influences of the general atmospheric circulation above the region in noise generation at open air sensors during the daytime.
Distinct signals with frequencies near 0.2 Hz recorded at all sites of the Czech microbarograph network in OctoberMarch are likely microbaroms. The azimuths of signal arrival 290335 correspond to the position of microbarom source region in the Northern Atlantic. The signal elevations varied between 0 and 60 with uncertainties of ~ 15 for low elevations and ~ 30° for high elevations. The amplitude of microbaroms is larger in winter than in summer by one order of magnitude. It follows the modelled seasonal variability of storm activity over the Northern Atlantic.
We focused on characterisation of infrasound environment in the Czech microbarograph network. The main objective was to evaluate diurnal and seasonal variability of signal amplitudes in the operational range of the sensors (which is 0.024 Hz). We searched for local peculiarities at the respective microbarograph sites in order to get aware of possible local disturbances of measurements. We hope that the knowledge of infrasound environment will contribute to a more accurate interpretation of observations in the Czech microbarograph network and may also support their involvement in infrasound observation on European scale.
